The rotational spectra of three isotopically substituted species of monothioformic acid, DCOSH, HCOSD, HC0 34 
I. Introduction
The first paper in this series 1 (hereafter called I) presented our analysis of the ground state rotational spectra of the parent isotopic species of monothioformic acid, H 12 C 16 0 32 SH. Two isomeric forms of this molecule were observed to be present in the gas phase at room temperature. These were identified in a preliminary communication 2 as the eis and trans rotamers of HC(:0)SH. In the present paper we report the results of our investigation of the rotational spectra of three isotopically substituted species of monothioformic acid: H 12 C 16 0 32 SD, D12C16032SH and H 12 C 16 0 34 SH. For each isotope rotational transitions originating from the ground vibrational states of both isomeric forms have been assigned and measured. This additional isotopic data proves unequivocally that the abundant isomers of monothioformic acid are the eis and trans rotamers of HC(: 0)SH. The molecular structure of each rotamer has been determined. The slight differences between the structures of the two rotamers are discussed in terms of nonbonded forces.
II. Experimental Procedures
The sample of monothioformic acid in which the labile hydrogen atom is replaced by a deuterium
The samples of HCOSD and DCOSH were purified and handled following essentially the routines outlined for HCOSH in Paper I. However, it was necessary to deuterate the spectrometer cells before studing HCOSD in order to prevent serious reduction in the isotopic purity of the spectroscopic samples through acid proton exchange with water adsorbed on the cell walls. This was accomplished by repeatedly filling the cell with D20 vapor. Nonetheless, the isotopic purity of the HCOSD samples Avas still degraded in the spectrometer cells from better than 90% to less than 60%. On the other hand, the DCOSH samples showed the expected deuterium enrichment of close to 90%. Both microwave and millimeter wave frequency measurements were made on each of the deuterium substituted isotopic species.
The sulfur-34 substituted rotamers, HC(:0) 34 SH, were studied in natural isotopic abundance (4.22%). Because of the low intensity of the absorption lines, only microwave transitions were measured.
The microwave and millimeter wave spectrometers and their mode of operation were described in Paper I. The accuracy of the frequency measurements reported here is estimated to be better than ±30 kHz for the absorption lines of HC(:0)SD and DC(:0)SH and better than ±50 kHz for the weak lines of HC(:0)SH.
III. Rotational Spectra and Assignment
The rotational spectra of the three isotopically substituted species of monothioformic acid investigated in this work, HC (: 0) SD, DC(:0)SH and HC (: 0) 34 SH, like that of HC(:0)SH, consist of only a-and 6-tvpe transitions. For the species studied using isotopically enriched samples, HC(:0)SD and DC(:0)SH, the analysis was straightforward and was carried through along the lines described in Paper I. More than 70 transitions have been measured and assigned for both the eis and trans rotamers of each of these two species. The measured transitions were selected from amongst the much larger number of observable lines in such a way as to provide a nearly uniform sampling of the accessible branches, and hence to assure the accurate determination of rotational constants and quartic distortion constants.
The rotational spectrum of DCOSH in the frequency region 8 -12.4 GHz is shown in Figure 1 . It is similar in appearance to that of the parent isotopic species (see Fig. 1 of Paper I), but has a slightly higher density of lines. This is due primarily to the decrease in the A rotational constants of the two rotamers (from over 60 GHz to less than 50 GHz). The outstanding feature of this region is the pair of l0i -000 transitions near 11.5 GHz. For DC (: 0) SH, like HC (: 0) SH and HC (: 0) 34 SH, the line belonging to the eis rotamer falls slightly ( <40 MHz) to high frequency of that produced by the trans rotamer. The opposite is true in the case of HC(:0)SD where the eis line falls over 180 MHz to low frequency of the trans line. This latter situation is illustrated in Fig. 2 which shows the spectrum of a mixed sample of HCOSD and HCOSH in the 11.3 -11.8 GHz frequency range. The four 101 -000 transitions due to the eis and trans rotamers of HC(:0)SH and HC(:0)SD have been labelled in Figure 2 . Both the zero field and corresponding Stark shifted absorption lines are identified in each case. The observed shifts in the frequencies of the l0i -000 transitions upon substitution of the labile hydrogen atom with deuterium provided the basis for our initial identification of the abundant isomers of monothioformic acid as the eis and trans thiol rotamers. A comparison of the microwave spectra of HCOSH, HCOSD and DCOSH in the region of the 101 -O00 transitions is presented in Figure 3 .
The analysis of the spectra of the sulfur-34 substituted species, eis-and *rarcs-HC(:0) 34 SH, was more difficult because of the low intensity of the absorption signals. In the spectrum of pure HCOSH shown in Fig. 3 the l0i -O00 transition belonging to the trans rotamer of HC(:0) 34 SH in natural abundance is clearly visible, while that of the eis rotamer is just discernable. The bootstrap procedure outlined in Paper I was used to assign all of the measured HC(:0) 34 SH transitions, starting with the low-/ a-type lines. Initially the analysis was based on the centrifugal distortion constants obtained for the parent isotopic species. Some care was necessary in order to avoid confusing the sulfur-34 signals with weak lines belonging to the parent isotopic species in different excited vibrational states.
IV. Centrifugal Distortion Analysis
The measured rotational transition frequencies of the various isotopic species of monothioformic acid were analysed in the I r axis representation using the reduced Hamiltonian derived by Watson 3 . Only rigid rotor and quartic centrifugal distortion terms were considered. The effective rotational Hamil- tonian and the general analysis procedure were described in detail in Paper I. To ensure that the results would not be seriously biased by the neglect of sextic and higher distortion terms, the data sets were restricted to include only transitions with ] less than 25 and Ka less than 7. The observed and calculated transition frequencies have been collected in Tables I -VI ; the spectroscopic constants are summarized in Table VII .
As a check on the correctness of the above analysis, the least squares fits were repeated using data sets restricted to include all measured transitions with J less than 20 and K.x less than 6. The resulting constants agree with those given in Table VII to  within 2 standard errors.  Tables VIII and IX contain derived constants that were calculated from the spectroscopic constants given in Table VII. Watson's determinable parameters 3 which are invariant to a unitary transformation are listed in Table VIII . Application of the planarity constraints 4 yielded the constants collected in Table IX . For a discussion of the meaning and determination of these derived constants the reader is referred to Paper I. 
V. Molecular Structure
The moments of inertia and inertial defect, A, of each of the isotopic species of monothioformic acid studied so far were calculated from the Kivelson and Wilson 5 rotational constants, a, ß', y', reported in Table IX of this paper and Table V of Paper I using the conversion factor 6 [ß''h) -505379.0(38) MHz uÄ 2 . Since they do not contain any centrifugal distortion contributions, the a, ß' and y constants are the appropriate rotational constants to use in a structural determination. The calculated inertial defect values are reported in Table X . They show that both isomers are planar in their equilibrium configuration. The substitution coordinates 7 of the two hydrogen atoms and the sulfur atom were calculated for each isomer using Kraitchman's equations 8 where AIg = Ij -lg is the dränge in the gth moment of inertia on isotopic substitution and // is the reduced mass. The carbon and oxygen atoms were then located by applying the center of mass and moment of inertia equations (10 for eadi isomer) which give values of 2 nuaibi i of less than 1 uÄ 2 were examined closely. For each isomer only one of these solutions is physically reasonable, i. e. the atoms are arranged in such a way that the bond lengths and angles are consistent with the known structures of related molecules. The two correct solutions, which correspond to the eis and trans rotamers of HC(:0)SH, are reported in Table XI as structures I. A second structure (II) has also been reported in Table XI for each rotamer. It is the same as structure I except that the small sulfur 6-coordinate Avas determined using the product of inertia relation (^ mi a-, bi = 0) rather than Equation (lb). Since i Kraitchman's equations normally yield inaccurate results for coordinates smaller than 0.15 Ä, this is presumed to be the best method for calculating the sulfur 6-coordinate 7 . The bond lengths and angles corresponding to the coordinates of structures II are presented in Table XII . The geometry of each rotamer and its orientation with respect to the principal axis system are illustrated in Figure 4 .
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The uncertainty in the structural parameters reported in Table XII , due to zero point vibrational effects, is estimated to be ± 0.01 Ä for the bond lengths and ±1° for the bond angles. Nonetheless, a comparison of the structures of the two rotamers with each other should be valid to a much higher accuracy, since the vibrational contributions are expected to be similar in each case. Thus the slight changes observed in the bond lengths and angles on going from the trans to the eis rotamer are believed to be real. The opening of the HCS and HSC angles and (in part) the closing of the OCS angle may be attributed to repulsion of the hydrogen atoms in the eis rotamer. Furthermore, the shortening of the CO and SH bond lengths, the lengthening of the CS bond length, and the closing of the OCS angle are all consistent with a weak attraction of the labile hydrogen atom by the electronegative oxygen atom in the trans rotamer. This latter effect may be represented by a small contribution to the structure of the trans rotamer by the resonance from
The corresponding ionic resonance form for the eis rotamer is expected to be less important since it is not stabilized by electrostatic attraction. A similar, but more pronounced example of this phenomenon has been observed by Cox et al. in eis and trans nitrous acid 9 .
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